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Introduction 

The  focus  of  this  investigation  is  to  provide  functional  data  to  support  recent  genetic  evidence 
that  mannose  6-phosphate  insulin-like  growth  factor  receptor  (. M6P/IGF2R )  may  be  a  tumor 
suppressor  gene  in  breast  cancer.  Mutational  screening  has  identified  M6P/IGF2R  as  a  putative  tumor 
suppressor  gene:  loss  of  heterozygosity  of  one  M6P/IGF2R  allele,  accompanied  by  somatic  mutations 
in  the  remaining  allele  has  been  demonstrated  in  approximately  70%  of  liver  cancers  (1,  Yamada,  1997 
#613)  and  30%  of  breast  cancers  (2).  Furthermore,  somatic  mutations  in  coding  region  microsatellites 
have  also  been  detected  in  a  variety  of  malignancies  with  the  replication  error  positive  phenotype  (3,  4, 
5,  6). 

Physiologically,  well-defined  functions  of  M6P/IGF2R  include:  1)  to  facilitate  endocytosis  of 
extracellular  mannose  6-phosphorylated  (M6P)  lysosomal  proteins  (7);  2)  to  escort  newly  synthesized 
M6P  proteins  from  the  Golgi  to  endosomes  (8);  3)  to  play  a  role  in  the  proteolytic  activation  of 
transforming  growth  factor  (3  (TGF(3),  a  negative  growth  regulator  (9);  and  4)  to  target  insulin-like 
growth  factor  2,  a  potent  mitogenic  peptide,  for  degradation  thereby  preventing  insulin-like  growth 
factor  1  receptor  (IGF1R)  activation  (10).  The  cellular  consequences  of  loss  of  M6P/IGF2R  function 
are  therefore  potentially  wide-ranging.  It  has  been  hypothesized  that  loss  of  M6P/IGF2R  function  may 
influence  tumor  cell  growth  by  promoting  tumor  invasion  through  lysosomal  enzyme  misrouting, 
decreasing  the  growth  inhibitory  activity  of  TGF(3,  and  increasing  the  mitogenic  and  cell  survival 
activities  of  IGF2  (11).  Although  there  is  some  evidence  that  the  role  of  M6P/IGF2R  as  an  IGF2 
antagonist  is  critical  in  regulating  cellular  growth  (10,  11,  12,  13),  to  date,  there  is  no  direct  evidence  to 
support  the  hypothesis  that  M6P/IGF2R  function  is  important  for  suppression  of  tumor  cell  growth. 
This  study  addresses  the  hypothesis  that  M6P/IGF2R  is  a  tumor  suppressor  gene  in  IGF2-sensitive 
malignancies. 

Current  Progress 

To  investigate  the  negative  growth  regulatory  properties  of  M6P/IGF2R,  the  breast  cancer  cell 
line  MCF7  has  been  transfected  with  expression  constructs  for  bovine  wildtype  M6P/IGF2R  and 
M6P/IGF2R  defective  in  either  M6P  or  IGF2  ligand-binding  activities.  The  bovine  M6P/IGF2R 
cDNA  has  been  utilized  because  it  is  well-characterized,  and  in  transfection  studies  with  human  cell 
lines,  transfected  bovine  receptor  can  be  distinguished  from  endogenous  human  M6P/IGF2R  with 
species-specific  monoclonal  antibody.  Further,  the  human  and  bovine  M6P/IGF2R  cDNAs  share  80% 
sequence  identity  (14)  and  experiments  examining  the  M6P  protein  sorting  properties  of  the  bovine 
and  human  M6P/IGF2R  demonstrated  that  there  were  no  functional  differences  between  them  (15, 16). 
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Wildtype  bovine  M6P/IGF2R  and  M6P-binding  deficient  bovine  M6P/IGF2R  (M6Pc/e/R)  cDNAs  were 
kindly  provided  by  Dr  N.  Dahms  (15).  The  IGF2-binding  deficient  bovine  M6P/IGF2R  (IGF2cfe/R) 
was  generated  in  the  Ellis  laboratory  by  a  site-directed  mutagenesis  polymerase  chain  reaction 
approach.  As  a  negative  control,  a  frame  shift  mutation  encoding  a  nonfunctional  truncated 
M6P/IGF2R  (D95STOP)  was  also  synthesized.  The  binding  selectivity  of  these  constructs  has  been 
confirmed.  This  project  employs  these  receptor  constructs  to  evaluate  the  potential  role  of 
M6P/IGF2R  as  a  tumor  suppressor  gene. 

Proposed  Statement  of  Work  to  be  completed  in  months  13  to  24. 

1)  Establish  the  growth  effects  of  inducible  expression  of  bovine  M6P/IGF2R  in  MCF7  cells  in  vitro 
and  investigate  these  growth  effects  of  ligand  binding  mutants  already  established  by  the  laboratory. 

2)  Develop  an  animal  protocol  for  the  investigation  of  the  phenotypic  consequences  of  M6P/IGF2R  in 
vivo  in  tumor  xenografts.  Conduct  pilot  animal  experiments. 

3)  Subclone  the  human  M6P/IGF2R  into  a  tetracycline  inducible  expression  vector  and  compare 
growth  effects  of  human  and  bovine  M6P/IGF2R  in  vitro. 

Work  completed  in  months  13  to  24 

1)  Accomplishments  in  the  first  year  demonstrate  that  M6P/IGF2R  has  a  role  in  cellular 
proliferation  of  MCF7  cells  in  response  to  IGF2-stimulated  growth.  Overexpression  of  wildtype 
M6P/IGF2R  and  M6PJe/R  (deficient  in  M6P-binding,  but  binds  IGF2)  suppresses  IGF2  dependent 
growth  of  MCF7  cells  when  compared  to  cells  expressing  IGF2<7e/R  (deficient  in  IGF2-binding  but 
binds  M6P-proteins)  or  D95STOP  (negative  control).  However,  these  experiments  do  not  address  the 
specificity  of  IGF2  antagonistic  growth  regulation  due  to  M6P/IGF2R  overexpression.  Growth 
response  to  IGF1  treatment  compared  to  IGF2  treatment  is  currently  being  investigated  with  soft  agar 
assays  utilizing  MCF7  cells  either  constitutively  or  inducibly  overexpressing  the  various  M6P/IGF2R 
constructs.  MCF7  cells  stably  transfected  with  constitutive  expression  constructs  for  wildtype 
M6P/IGF2R,  M6P<ie/R,  IGF2<7e/R  and  D95STOP  are  plated  in  triplicate  in  0.3%  agar  over  a  0.6%  agar 
cushion  in  6- well  dishes.  The  cells  are  treated  with  lOnM  IGF1,  lOnM  IGF2  or  no  treatment  for  2 
weeks,  changing  the  media  every  3  or  4  days.  The  number  of  colonies  are  determined  with  an 
automated  colony  counter.  Preliminary  experiments,  demonstrated  in  Figure  1,  suggest  the  specificity 
of  the  negative  growth  regulatory  activity  of  M6P/IGF2R  as  an  IGF2  antagonist.  There  was  no 
significant  difference  between  the  number  of  colonies  formed  from  cells  overexpressing  D95STOP  or 
IGF2<7q/R  treated  with  either  IGF1  or  IGF2,  but  colony  numbers  of  cells  overexpressing  wt 
M6P/IGF2R  or  M6Pcfe/R  indicated  suppression  of  IGF2-stimulated  growth  when  compared  to  IGF1- 
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stimulated  growth.  These  experiments  are  currently  being  repeated.  Further,  the  clone  which 
inducibly  expresses  wildtype  M6P/IGF2R  (iWtl)  is  also  being  utilized  in  soft  agar  assays.  IGF1-  and 
IGF2-stimulated  colony  growth  is  being  compared  in  cells  treated  with  doxycycline  to  inducibly 
express  M6P/IGF2R  with  cells  not  doxycycline-treated. 


Figure  1.  Bar  graph  showing  the  number  of 
colonies  detected  in  response  to  IGF1  and  IGF2 
stimulated  growth  for  cells  overexpressing  the 
various  M6P/IGF2R  constructs.  Cells  expressing 
wildtype  M6P/IGF2R  or  M6Pde/R  showed 
growth  suppression  in  response  to  IGF2 
stimulated  growth  when  compared  with  IGF1 
stimulated  growth.  This  is  contrasted  with  cells 
overexpressing  negative  control,  D95STOP  or 
IGF2de/R  where  growth  rates  were  similar  For 
IGF1  and  IGF2  stimulated  growth. 


Over  the  past  year,  several  MCF7  clones  transfected  with  the  Tet-On  inducible  gene  system 
have  been  screened  by  immunoflourescence  and  western  blot  analysis  in  order  to  identify  clones  which 
inducibly  express  M6Pde/R  (iM6Pde/Rl)  and  IGF2de/R  (iIGF2<fe/Rl).  One  clone  expressing  each  of 
the  receptor  mutants  was  identified  and  Figure  2  shows  Western  blot  analysis  of  receptor  induction 
with  doxycycline.  A  polyclonal  antibody  that  recognizes  both  human  and  transfected  mutant  bovine 
M6P/IGF2R  allows  an  assessment  of  the  overexpression  of  mutant  receptor  over  the  endogenous 


doxycycline  "  +  ■  + 


Figure  2.  Western  blot  of  whole  cell  lysates  of  MCF7 
cells  that  inducibly  express  mutant  bovine  M6P/IGF2R 

A)  deficient  in  binding  M6P-  proteins  (iM6Pd<?/Rl)  or 

B)  deficient  in  IGF2  binding  (ilGVldefR).  Cells  were 
treated  with  or  without  lOOOng/ml  doxycycline  in  10% 
FBS  DMEM  media  for  24  hours,  subject  to  SDS- 
PAGE, transferred  to  nitrocellulose  and  protein  detected 
by  a  polyclonal  antibody  for  the  induced  mutant 
receptor. 


0  6  12  24  48  72  96  hours 


0  6  12  24  48  72  96  hours 


Figure  3.  Inducible  expression  of  M6PdefR  in  MCF7 
cells  (M39.1).  (A)  Protein  expression  induced  with 
250ng/ml  of  doxycycline.  (B)  Protein  expression 
induced  with  500ng/ml  of  doxycycline  in  10%  FBS 
DMEM  media  for  0-96  hours,  subjected  to  SDS- 
PAGE  and  transferred  to  a  nitrocellulose  membrane. 
The  protein  was  detected  by  polyclonal  antibody  for 
the  induced  mutant  bovine  receptor. 


human  background.  Inducible  M6?defR.  expression  peaks  at  approximately  24  hours  and  remains 
elevated  after  96  hours  of  doxycycline  treatment  (Figure  3),  similar  to  that  seen  for  inducible 
expression  of  wt  M6P/IGF2R  in  iWtl  cells.  Inducible  IGF2c/e/R  expression  is  similarly  being 
characterized. 

2)  We  have  developed  an  animal  protocol  that  has  been  approved  by  the  Georgetown  Unversity 
Animal  Care  and  Use  Committee  (GUACUC).  The  protocol  reference  number  is  98-093  and  is 
entitled  “Mannose  6-phosphate/Insulin-like  Growth  Factor  2  Receptor  (M6P/IGF2R)  is  a  Negative 
Growth  Regulator.”  However,  before  attempting  expensive  animal  experiments,  we  decided  to 
investigate  other  end-points  in  addition  to  cellular  proliferation,  to  support  the  hypothesis  that  IGF2 
antagonistic  activity  of  M6P/IGF2R  is  important  in  suppression  of  tumor  cell  growth. 

IGF2  evokes  cellular  proliferation  and  anti-apoptotic  activity  through  IGFIR-mediated 
activation  of  downstream  signaling  molecules  (17)  including  IRS-1  which  is  phosphorylated  on 
multiple  tyrosine  residues  in  response  to  IGF1R  activation  (17).  We  therefore  investigated  IRS-1 
tyrosine  phosphorylation  in  response  to  IGF1  or  IGF2  treatment  in  cells  inducibly  expressing  the 
wildtype  receptor.  We  hypothesize  that  overexpression  of  wt  M6P/IGF2R  will  increase  IGF2 
degradation  and  result  in  reduced  IGF1R  activation  and  IRS-1  phosphorylation  in  response  to  IGF2 
stimulation  but  not  IGF1  stimulation.  iWtl  cells  were  plated  in  6cm  dishes  and  treated  with  or  without 
doxycycline  in  10%  FBS  DMEM  media  for  48  hours.  After  serum  starvation  for  24  hours,  the  cells 
were  treated  with  or  without  40nM  IGF1  or  IGF2  for  various  time  points,  lysed,  and  cell  extracts  were 
subjected  to  immunoprecipitation  (IP)  with  IRS-1  antibody  followed  by  Western  blotting  with  an 
antiphosphotyrosine  monoclonal  antibody.  Figure  4  is  representative  of  4  IRS-1  IP  experiments 
demonstrating  no  reduction  of  IRS- 1  activation  in  cells  overexpressing  wt  M6P/IGF2R  in  response  to 
either  IGF  treatment  up  to  1  hour.  We  are  currently  repeating  these  experiments  with  extended  time 
points  and  will  include  iM6P<7e/Rl  and  iIGF2cfe/Rl  clones  that  inducibly  express  the  mutant  bovine 
M6P/IGF2R  constructs.  It  must  be  noted  that  40nM  IGF  concentration  is  used  in  experiments  with  the 
MCF7  clones  transfected  with  the  Tet-On  gene  activation  system  because  lower  IGF  concentrations 
elicited  little  or  no  response  as  detected  in  IRS-1  IP  experiments  with  various  IGF  concentrations 
(Figure  5)  or  in  tetrozolium  salt  colorimetric  growth  assays  (data  not  shown).  This  may  be  because  the 
parent  MCF7  cells  into  which  the  Tet-On  regulator  plasmid  was  transfected  were  obtained  from  Dr 
Doug  Yee  and  not  the  Lombardi  Cancer  Center  (LCC)  MCF7  cell  pool  used  in  previous  transfections 
which  is  sensitive  to  lower  IGF  concentrations  (Figure  5). 
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Figure  5.  Tyrosine  phosphorylation  of  IRS  1  in  response  to 
various  concentrations  of  IGF2.  Wt  9  cells  were  treated  with 
IGF2  for  5  minutes.  IRS  1  was  immunoprecipitated  from  cell 
lysates,  electrophoresed  on  an  SDS-PAGE  gel,  transferred 
to  nitocellulose  and  detected  with  a  monoclonal 
phosphotyrosine  antibody. 


Figure  4.  IRS-1  phosphorylation  of  MCF7  clones  inducibly  expressing  wildtype 
M6P/IGF2R  in  response  to  A)  IGF2  or  B)  IGF2  at  the  time  points  indicated. 
Panel  C)  is  a  Western  blot  demonstrating  the  level  of  overexpressed  M6P/IGF2R 
above  the  endogenous  background  of  human  M6P/IGF2R  in  the  transfected 
MCF7  cells. 


3)  Expression  of  human  M6P/IGF2R  (hM6P/IGF2R)  in  mammalian  cells  have  been  problematic 
since  expression  is  lost  after  the  one  passage  of  the  transfected  cells.  Subcloning  of  the  human 
M6P/IGF2R  into  the  inducible  expression  vector  has  been  unsuccessfully  attempted  and  will  be 
repeated. 

Conclusion 

Preliminary  data  from  soft  agar  assays  using  cells  that  constitutively  overexpress  various 
M6P/IGF2R  constructs,  indicate  that  the  function  of  M6P/IGF2R  as  an  IGF2  antagonist  is  important  in 
suppression  of  IGF-stimulated  MCF7  tumor  cell  growth.  MCF7  cells  overexpressing  M6P/IGF2R 
constructs  that  bind  IGF2  (wtM6P/IGF2R  and  M6Pefe/R),  demonstrated  reduced  growth  in  response  to 
IGF2  stimulation  when  compared  to  growth  stimulated  by  IGF1.  However,  MCF7  cells 
overexpressing  M6P/IGF2R  constructs  incapable  of  IGF2  binding  showed  no  growth  reduction  in 
response  to  either  IGF  growth  stimulation. 

The  panel  of  clones  that  inducibly  express  the  various  M6P/IGF2R  constructs  in  response  to 
doxycycline  treatment  will  allow  further  evaluation  of  the  growth  regulatory  role  of  M6P/IGF2R  in 
response  to  IGF2  stimulation  and  will  be  invaluable  in  future  animal  experiments. 
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Appendix  I  -  Key  Accomplishments 

1 .  Demonstrated  specificity  of  the  negative  growth  regulatory  function  of  M6P/IGF2R 
as  an  IGF2  antagonist. 

2.  Identified  MCF7  clones  that  inducibly  express  MGPdejR.  and  IGF2fife/R,  mutant 
M6P/IGF2R  constructs  that  are  deficient  in  M6P  protein  binding  and  IGF2  binding 
respectively. 
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Appendix  II  -  Reportable  Outcomes 

1.  MCF7  clones  that  inducibly  express  wt  M6P/IGF2R  and  mutant  M6P/IGF2R 
constructs,  M6Pc/e/R  and  IGF2 deJR.. 

2.  A  review  enitled  “Mannose  6-Phosphate/Insulin-like  Growth  Factor  2  Receptor,  a 
bona  fide  Tumor  Suppressor  Gene  or  Just  a  Promising  Candidate?”  to  be  published  in 
the  January  2000  issue  of  the  Journal  of  Mammary  Neoplasia  (see  attached). 
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Abstract 

The  mannose  6-phosphate/insulin-like  growth  factor  2  receptor  ( M6P/IGF2R )  is  considered  a 
“candidate”  tumor  suppressor  gene.  This  hypothesis  has  been  provoked  by  the  identification  of  loss  of 
heterozygosity  (LOH)  at  the  M6P/IGF2R  locus  on  6q25-27  in  breast  and  liver  cancer,  accompanied  by 
point  mutations  in  the  remaining  allele.  Somatic  mutations  in  coding  region  microsatellites  have  also  been 
described  in  replication  error  positive  (RER+)  tumors  of  the  gastrointestinal  tract,  endometrium  and  brain. 
These  genetic  data  are  compelling,  but  a  tumor  suppressor  gene  candidate  has  to  meet  functional  as  well 
as  genetic  criteria.  This  review  weighs  the  evidence  and  discusses  the  observations  that  are  necessary  to 
promote  M6P/IGF2R  from  candidate  to  bona  fide  tumor  suppressor  gene. 

Key  words: 

Mannose  6-phosphate/insulin-like  growth  factor  2  receptor,  tumor  suppressor  gene,  breast  cancer,  loss  of 
heterozygosity,  somatic  mutation,  microsatellite  instability. 
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Abbreviations: 

Cirrh.,  cirrhosis;  DCIS,  ductal  carcinoma  in  situ ;  HCC,  human  hepatocellular  carcinoma;  IGF1,  insulin¬ 
like  growth  factor  1;  IGF1R,  insulin-like  growth  factor  1  receptor;  IGF2,  insulin-like  growth  factor  2; 
LIF,  leukemia  inhibitory  factor;  LOH,  loss  of  heterozygosity;  LTGFP,  latent  transforming  growth 
factor  P;  M6P,  mannose  6-phophate;  M6P/IGF2R,  mannose  6-phosphate/insulin-like  growth  factor  2 
receptor;  MEF,  mouse  embryonic  fibroblast;  MI,  microsatellite  instability;  MS,  microsatellite;  NSCLC, 
non-small  cell  lung  carcinoma;  RA,  retinoic  acid;  RER+,  replication  error  positive;  sM6P/IGF2R, 
soluble  mannose  6-phosphate/insulin-like  growth  factor  2  receptor;  TGFP,  transforming  growth  factor 
P;  uPA,  plasminogen  activator;  uPAR,  urokinase-type  plasminogen  activator  receptor. 
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Introduction 

The  mannose  6-phosphate/insulin-like  growth  factor  2  receptor  (M6P/IGF2R),  first  identified  as  a 
lysosomal  transport  protein,  has  received  increased  attention  following  the  discovery  of  somatic  mutations 
in  the  M6P/IGF2R  gene.  Loss  of  one  M6P/IGF2R  allele,  accompanied  by  somatic  mutations  in  the 

remaining  allele,  has  been  demonstrated  in  liver  and  breast  tumors  (1,  2,  3,  4).  Furthermore,  somatic 
mutations  in  coding  region  microsatellites  have  been  identified  in  a  spectrum  of  malignancies  with  the 
replication  error  positive  (RER+)  phenotype  (5, 6, 7, 8). 

The  phenotypic  consequences  of  loss  of  M6P/IGF2R  through  somatic  mutation  are  potentially 
very  complex,  since  M6P/IGF2R  has  a  number  of  roles  in  cellular  physiology.  Established  functions 
include  (Figure  1):  a)  to  facilitate  the  transport  of  newly  synthesized  mannose  6-phosphorylated  (M6P) 
lysosomal  proteins  from  the  Golgi  network  to  lysosomal  compartments  (9);  b)  to  facilitate  endocytosis  of 

extracellular  M6P-tagged  lysosomal  enzymes  (10);  c)  to  play  a  role  in  the  proteolytic  activation  of 
transforming  growth  factor  p  (TGFp),  a  negative  growth  regulator  of  epithelial  cells  (1 1);  and  d)  to  target 
insulin-like  growth  factor  2  (IGF2)  for  lysosomal  degradation,  thereby  preventing  insulin-like  growth 
factor  1  receptor  (IGF1R)  activation  (12).  Loss  of  function  mutations  in  M6P/IGF2R  could,  therefore, 
contribute  to  multi-step  carcinogenesis  by  increasing  the  mitogenic  and  cell  survival  activities  of  IGF2, 
decreasing  the  growth  inhibitory  activity  of  TGFp  and  by  promoting  tumor  invasion  through  lysosomal 
enzyme  misrouting.  (13).  The  role  of  M6P/IGF2R  in  tumorigenesis  may  be  even  more  complex  than  this 
initial  list  implies.  The  list  of  M6P/IGF2R  ligands  has  been  extended  in  recent  years  and  has  become 
remarkably  diverse  (Table  I). 

Function  and  structural  domains  of  M6P/IGF2R 

The  M6P/IGF2R  gene  has  been  localized  to  6q25-27  (14)  and  encodes  a  2450-amino  acid 

transmembrane  receptor  of  275  to  300kD.  Approximately  90%  of  M6P/IGF2R  molecules  are  located  in 
the  Golgi  and  pre-endosomal  compartment.  Receptors  are  also  present  in  the  plasma  membrane.  These 
two  cellular  pools  continuously  cycle,  internalizing  extracellular  peptides  and  participating  in  Golgi  to 

endosome  transfer  of  M6P  proteins  (principally  lysosomal  enzymes)  (15).  M6P/IGF2R  has  four  major 
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functional  domains:  an  amino-terminal  signal  sequence,  a  large  extracytoplasmic  domain,  a 
transmembrane  domain  and  a  short  cytoplasmic  domain.  Figure  2  diagrams  the  key  site-directed 
mutations  in  the  bovine  M6P/IGF2R  that  have  proved  valuable  in  defining  structure/function 
relationships.  While  M6P/IGF2R  was  thought  to  operate  as  a  monomer,  recent  data  suggest  that 
M6P/IGF2R  is  capable  of  dimerization,  similar  to  other  transmembrane  receptors  (16). 

The  ligand-binding  extracytoplasmic  domain  consists  of  15  homologous  units,  each 
approximately  147  amino  acids  in  length,  with  16-38%  sequence  identity.  The  repeats  are  cysteine-rich 

and  the  locations  of  the  cysteine  residues  are  highly  conserved  among  the  repeating  units  (15). 
M6P/IGF2R  binds  IGF2  and  proteins  bearing  mannose  6-phosphate  residues  at  distinct  sites  on  the 
receptor  (15,  17).  The  mannose  6-phosphate  binding  domain  is  comprised  of  amino  acids  in  repeats  3 
and  9.  Substitutions  of  arginine  to  alanine  at  amino  acid  435  in  repeat  3  and  1334  in  repeat  9  (bovine 
receptor  sequence)  dramatically  reduces  M6P-protein  binding  (18).  The  "core"  IGF2  binding  site  is 

within  repeat  11  (19,  20),  since  a  single  substitution  of  isoleucine  for  threonine  at  position  1572 

completely  abolished  IGF2  binding  to  a  human  repeat  11  minigene  construct  (21).  Our  laboratory  has 
recently  confirmed  this  conclusion  by  demonstrating  that  a  homologous  amino  acid  substitution  at  residue 
1581  in  the  full-length  bovine  M6P/IGF2R  completely  disrupts  IGF2  binding  (22).  Recent  evidence 

suggests  that  repeat  13  also  contributes  to  high  affinity  IGF2  binding  (23).  High  affinity  binding  of 
M6P-proteins  and  IGF2  apparently  does  not  occur  simultaneously,  at  least  in  an  efficient  manner,  perhaps 
due  to  steric  hindrance  or  conformational  changes  that  occur  upon  ligand  binding  (24,  25). 

The  cytoplasmic  domain  contains  amino  acid  motifs  that  mediate  endocytosis  and  lysosomal 
enzyme  transport  (26).  Analysis  of  truncation  mutants  has  revealed  a  casein  kinase  II  site  that  is 

important  for  regulating  lysosomal  enzyme  transport  (27).  In  addition,  mutant  receptors  containing 
alanine  for  tyrosine  substitutions  in  the  cytoplasmic  domain  cause  receptor  accumulation  at  the  cell 
membrane,  suggesting  disruption  of  an  “internalization  domain”  (26, 28). 
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A  soluble  form  of  M6P/IGF2R  (sM6P/IGF2R),  lacking  the  transmembrane  and  cytoplasmic 
domains,  has  been  identified  in  tissue  culture  medium,  serum,  urine  and  amniotic  fluids  of  humans  and 

rats  (29,  30, 31,  32).  It  is  debatable  whether  the  soluble  M6P/IGF2R  is  merely  a  degradation  product  or 
has  physiological  function.  Recent  evidence  indicates  the  latter;  sM6P/IGF2R  is  able  to  bind  IGF2  and 
inhibit  IGF2-induced  DNA  synthesis  in  rat  hepatocytes  (33).  Furthermore,  transgenic  mice  engineered  to 
express  SM6P/IGF2R  at  high  levels  in  the  skin  and  alimentary  canal  exhibited  reduced  alimentary  tract 
growth,  reduced  levels  of  circulating  IGF2  and  increased  levels  of  latent  TGFp  (LTGF-p)  (34). 

In  addition  to  lysosomal  enzymes,  M6P/IGF2R  interacts  with  a  number  of  mannose  6- 
phosphorylated  cytokines,  including  the  angiogenic  peptide  proliferin  (35)  and  the  growth  and 

differentiation  factor  LIF  (leukemia  inhibitory  factor)  (36).  Although  it  has  been  suggested  that 

M6P/IGF2R  binding  to  these  proteins  leads  to  internalization  and  degradation,  the  actual  significance  of 
these  binding  complexes  has  not  been  determined. 

More  recently,  it  has  been  reported  that  M6P/IGF2R  binds  to  two  further  classes  of  ligands  at 
sites  other  than  those  involved  in  either  M6P-protein  binding  or  IGF2  binding.  Surprisingly,  retinoic  acid 
(RA),  a  molecule  essential  for  development,  cellular  metabolism  and  the  regulation  of  cell  proliferation, 
interacts  with  M6P/IGF2R.  Kang  et  al.  used  photoaffinity  labeling  to  identify  specific  binding  of  RA  to 

M6P/IGF2R  in  myocytes  which  express  high  levels  of  the  receptor  (37).  The  site  at  which  RA  binds  to 
M6P/IGF2R  has  not  yet  been  determined,  but  neither  M6P  nor  IGF2  inhibited  the  RA-M6P/IGF2R 
interaction,  suggesting  a  distinct  binding  site.  RA  has  been  shown  to  stimulate  M6P/IGF2R-mediated 
internalization  of  IGF2  and  increase  lysosomal  enzyme  sorting.  Regulation  of  M6P/IGF2R  may 

therefore  be  a  further  mechanism  whereby  retinoids  regulate  cellular  proliferation  (37). 

The  urokinase-type  plasminogen  activator  receptor  (uPAR),  a  glycosylphosphatidylinositol  (GPI)- 
anchored  membrane  protein,  also  binds  to  M6P/IGF2R  in  an  M6P-independent  manner  (38,  39).  uPAR 

is  found  on  the  surface  of  most  cell  types  and  has  a  role  in  a  variety  of  cellular  functions,  including  cell 
surface  adhesion,  migration  and  extracellular  proteolysis,  as  well  as  activation  of  the  negative  growth 

regulator  TGFp  (40).  M6P/IGF2R  is  thought  to  stabilize  a  complex  between  uPAR,  its  ligand  urokinase- 
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type  plasminogen  activator  (uPA),  and  plasminogen.  Plasmin  is  then  generated,  facilitating  the  proteolytic 
activation  of  mannose  6-phosphorylated  latent  TGFp  bound  to  M6P/IGF2R  (38,  39,  41,  42).  In  vitro 
binding  assays  using  recombinant-tagged  M6P/IGF2R  suggest  that  like  retinoic  acid,  M6P-proteins  and 
IGF2,  uPAR  has  a  distinct  binding  site  (39). 

Although  the  exact  functional  consequences  of  the  various  interactions  that  occur  with 
M6P/IGF2R  are  uncertain,  the  increasing  number  of  M6P/IGF2R  ligands  listed  in  Table  I  serves  to 
emphasize  multiple  potential  links  between  M6P/IGF2R  and  tumor  pathophysiology.  The  design  of 
experiments  that  probe  the  role  of  M6P/IGF2R  in  tumor  suppression  might  best  be  obtained  in  systems 
in  which  at  least  one  of  these  ligands  were  critical  for  tumor  development. 

M6P/IGF2R  in  development 

Nissley  et  al.  used  quantitative  immunoblotting  and  Northern  blotting  to  determine  that 
M6P/IGF2R  is  expressed  in  most  rat  fetal  tissues,  with  the  highest  levels  of  receptor  expression  in  the 

fetal  heart.  High  expression  levels  in  cardiac  tissue  decline  rapidly  in  early  postnatal  life  (43),  suggesting 

a  critical  role  in  cardiac  development.  This  hypothesis  was  confirmed  by  the  finding  that  perinatal  death 
in  m6p/igf2r  knockout  mice  was  due  to  cardiac  overgrowth.  Fetuses  null  for  m6p/igf2r  also  display 
generalized  increased  growth  and  are,  on  average,  30%  bigger  than  normal  littermates.  Evidence  suggests 
that  the  overgrowth  phenotype  in  M6P/IGF2R  deficient  mice  is  most  likely  the  result  of  unchecked  IGF2 
stimulation,  rather  than  loss  of  TGFp  activation,  or  improper  lysosomal  enzyme  sorting:  m6p/igf2r  null 

mice  have  elevated  levels  of  IGF2  (44)  and,  importantly,  the  fatal  effects  of  M6P/IGF2R  absence  on  the 
neonatal  mouse  were  reversed  in  an  igf2  null  background  (45).  These  data  underscore  the  conclusion  that 
M6P/IGF2R  regulates  the  availability  of  IGF2  for  IGF1R  tyrosine  kinase  activation  (12). 

Signal  transduction 

The  discovery  that  the  cation-independent  mannose  6-phosphate  receptor  bound  IGF2  led  to 
speculation  that  M6P/IGF2R  was  involved  in  growth  factor  signal  transduction.  However,  M6P/IGF2R 
does  not  possess  tyrosine  kinase  activity  or  other  clear-cut  signal  transduction  capability.  Nonetheless, 
early  observation  did  suggest  that  IGF2  induced  proliferation  of  rat  metanephrons  and  stimulated  DNA 

synthesis  in  BALB/c  3T3  cells  through  M6P/IGF2R  (46,  47).  In  1991,  Okamoto  et  al.  suggested  these 
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effects  were  mediated  by  a  G-protein  interaction  with  the  M6P/IGF2R  cytoplasmic  domain  (48).  More 
recent  studies  have  not  confirmed  these  results  (49,  50).  Furthermore,  our  laboratory  has  observed  that 
IGF2  mutants  that  bind  M6P/IGF2R,  but  not  IGF1R,  do  not  induce  proliferation  of  MCF7  breast  cancer 
cells  (12).  It  is  now  therefore  generally  accepted  that  M6P/IGF2R  does  not  function  in  transmembrane 

signaling  or  mitogenesis.  Early  observations  can  probably  be  explained  through  activation  of  IGF1R,  or 
perhaps  the  insulin  receptor,  since  IGF2  has  recently  been  shown  to  effectively  activate  insulin  receptor 

signaling  (51,  52). 

Loss  of  heterozygosity  and  point  mutations  in  M6P/IGF2R. 

Table  II  lists  publications  on  the  frequency  of  M6P/IGF2R  LOH  and  mutation  in  different  tumor 

types.  LOH  at  the  M6P/IGF2R  locus  has  been  observed  in  breast  carcinoma  (1,  53),  hepatocellular 
carcinoma  (HCC)  (2, 4,  54),  gastrointestinal  cancer  (5,  6),  and  non-small  cell  lung  carcinomas  (55).  An 

isolated  finding  of  LOH  at  this  locus  does  not,  however,  prove  that  chromosomal  loss  was  driven  by 
presence  of  the  M6P/IGF2R  gene.  Identification  of  putative  loss-of-function  mutations  in  the  remaining 

allele  in  some  cases  of  HCC  (3,  4)  strengthened  the  case  that  loss  of  M6P/IGF2R  was  critical.  LOH  was 
also  seen  in  premalignant  lesions  adjacent  to  HCC  cells  with  M6P/IGF2R  loss,  suggesting  that  disruption 
of  M6P/IGF2R  can  be  an  early  event  in  HCC  (4). 

M6P/IGF2R  LOH  and  point  mutations  have  also  been  described  in  breast  cancer.  LOH  was 
demonstrated  in  33%  (7  of  21)  of  informative  invasive  breast  cancer  cases  and  26%  (5  of  19)  of 
informative  ductal  carcinoma  in  situ  (DCIS)  cases  (1).  All  of  the  in  situ  cases  that  displayed  M6P/IGF2R 
LOH  were  high  grade.  It  has  therefore  been  suggested  that  M6P/IGF2R  LOH  and  mutation  preferentially 
occur  during  the  preinvasive  phase  of  breast  cancer  development.  Mutation  screening  of  the  DCIS 
samples  revealed  missense  mutations  in  2  of  the  5  tumors  examined.  These  mutations  were  detected  in 

repeat  10  and  in  the  cytoplasmic  domain  of  the  receptor  (1).  It  was  proposed  that  the  mutation  in  repeat 

10  could  have  disrupted  IGF2  binding  due  to  the  proximity  of  the  IGF2  binding  site  located  in  repeat  11. 
It  was  also  speculated  that  the  cytoplasmic  domain  mutation  had  disrupted  receptor  trafficking.  However, 
these  predictions  have  not  been  confirmed  in  molecular  and  functional  studies.  A  second  publication 
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supports  the  proposition  that  loss  of  M6P/IGF2R  function  occurs  in  high  grade  preinvasive  breast  cancer. 
Chappell  et  al.  studied  40  non-palpable,  well-differentiated  invasive  breast  cancers  (detected  by 
mammography)  and  22  cases  of  DCIS  for  LOH  at  the  M6P/IGF2R  locus.  A  total  of  53  cases  were 
informative.  None  of  the  early  well-differentiated  invasive  cancers  demonstrated  LOH  at  the  M6P/1GF2R 
locus  but  4  of  18  informative  DCIS  cases  were  positive  for  LOH  and  3  of  these  4  cases  were  high  grade 

(53). 

Somatic  mutations  of  M6P/IGF2R  have  recently  been  identified  in  two  other  common 
malignancies.  In  prostate  cancer,  mutations  in  M6P/IGF2R  in  5  out  of  18  samples  were  described  (56). 
In  addition,  the  complete  coding  sequence  of  M6P/IGF2R  has  been  screened  in  lung  cancer  cell  lines  with 
the  description  of  a  point  mutation  in  a  lung  adenocarcinoma-derived  cell  line  (57).  The  mutation  in 
question  was  detected  in  exon  40  where  previous  mutations  have  been  identified  in  gastric  and  liver 
tumors  (3,  5),  suggesting  a  possible  mutational  hot  spot.  Kong  et  al  used  two  newly  described 

polymorphisms  in  the  3’  untranslated  region  of  the  M6P/IGF2R  in  a  polymerase  chain  reaction  to 
identify  LOH  mutations  in  non-small  cell  lung  carcinoma  (NSCLC)  for  LOH.  25  of  35  samples  (71%) 
were  informative,  13  of  which  had  LOH  at  the  M6P/IGF2R  locus.  Approximately  half  of  the  cases  with 

LOH  also  had  point  mutations  resulting  in  significant  amino  acid  substitutions  and  deletions  (55). 

Finally,  there  have  been  reports  of  6q  loss  in  ovarian  cancer  (58,  59,  60).  In  one  report, 

M6P/IGF2R  somatic  mutations  were  described  in  the  remaining  allele  (58).  However,  a  study  that  fine- 

mapped  deleted  regions  on  the  distal  end  of  chromosome  6q  found  that  M6P/IGF2R  was  not  always 
within  the  common  region  of  loss.  These  data  suggest  that  a  conclusion  that  M6P/IGF2R  is  “the”  6q 

tumor  suppressor  gene  in  ovarian  cancer  is  premature  (61). 

M6P/IGF2R  coding  region  microsatellite  instability 

Cells  which  harbor  mutations  in  mismatch  repair  genes  are  termed  replication  error  positive 
(RER+).  The  RER+  phenotype  is  expressed  as  nucleotide  insertions  or  deletions  in  repetitive  nucleotide 
sequences  (microsatellites).  When  microsatellites  occur  within  coding  sequence,  gain  or  loss  of 
nucleotides  causes  frame-shift  and  premature  translational  arrest.  M6P/IGF2R  has  several  coding  region 
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microsatellites  that  are  targeted  for  mutation  in  RER+  cancers.  In  a  study  of  92  RER+  gastrointestinal 
tumors,  12  had  microsatellite  mutations  within  the  coding  region  of  the  M6P/IGF2R  gene;  11  were 

identified  in  the  same  poly  (G)g  microsatellite  (5).  Oliveira  and  colleagues  also  recently  published 

information  demonstrating  poly  (G)g  microsatellite  mutation  in  7  of  28  RER+  gastric  carcinomas  (8). 
Unlike  many  of  the  missense  mutations  described  in  conjunction  with  LOH,  microsatellite  mutations  are 
definitively  associated  with  loss  of  function  since  coding  sequence  is  lost.  TGFpl  type  II  receptor 
(TGFpiIR)  coding  region  microsatellites  are  also  subject  to  mutation  in  RER+  cancers,  and  it  is 
interesting  to  note  that  M6P/IGF2R  and  TGFpiIR  are  rarely  mutated  in  the  same  cancer.  This  suggests 
that  inactivation  of  M6P/IGF2R  and  TGFpiIR  disrupts  a  common  pathway  for  tumor  progression,  which 
can  be  taken  as  indirect  evidence  for  the  role  of  M6P/IGF2R  in  down-regulating  TGFp  signaling  during 
tumorigenesis.  Similar  conclusions  have  been  made  by  Ouyang  et  al.,  who  studied  M6P/IGF2R  and 
TGFpiIR  microsatellite  mutations  in  RER+  gastric  and  colon  adenocarcinomas  (6).  Finally,  it  has 

recently  been  observed  that  M6P/IGF2R  is  targeted  for  mutation  in  RER+  gliomas  (7)  and  endometrial 
cancers  (6,  62).  This  suggests  that  M6P/IGF2R  loss  may  be  a  general  feature  of  RER+  tumors. 
Although  only  8%  of  breast  cancers  are  reported  to  be  RER+  (63),  the  largest  subset  of  these  tumors 
(40%)  is  of  the  invasive  lobular  type  (64).  Therefore,  M6P/IGF2R  microsatellite  mutations  might  be 

important  in  the  development  of  lobular  cancer,  although  this  has  not  been  confirmed  to  date. 

Does  M6P/IGF2R  meet  all  the  criteria  for  a  bona  fide  tumor  suppressor  gene? 

In  general,  tumor  suppressor  genes  encode  negative  regulators  of  cellular  proliferation  or 
promoters  of  cell  death  or  differentiation.  When  the  normal  functions  of  tumor  suppressor  genes  are 
disrupted  by  somatic  mutation,  the  cell  is  relieved  of  critical  regulatory  signals  and  unrestrained 
proliferation  or  survival  ensues.  For  a  gene  to  be  defined  as  a  tumor  suppressor  from  a  functional  rather 
than  genetic  standpoint,  at  least  one  and  preferably  more  than  one  of  the  following  observations  are 
required:  a)  the  in  vivo  "malignant  potential"  of  a  malignant  cell  line  mutant  for  the  gene  in  question  is 
suppressed  when  wild-type  protein  is  present  in  the  cell;  b)  a  gene  knockout  causes  an  increased  rate  of 
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tumor  formation  in  transgenic  mice;  c)  inactivating  mutations  are  demonstrated  in  the  germ-line  of 
individuals  with  a  cancer  predisposition  syndrome  that  are  not  present  in  normal  family  members. 

At  this  point,  M6P/IGF2R  does  not  meet  any  of  these  operational  definitions.  In  the  next  section 
we  discuss  experimental  approaches  that  are  being  taken  to  establish  whether  if  M6P/IGF2R  meets  any  of 
these  criteria. 

Demonstrating  M6P/IGF2R  has  the  functional  characteristics  of  a  tumor  suppressor  gene. 

Of  the  three  criteria  discussed  above,  suppression  of  tumorigenicity  appears  to  be  the  most  likely 
initial  approach  to  the  problem  of  demonstrating  M6P/IGF2R  is  a  tumor  suppressor  gene.  However,  a 
tumor  cell  line  with  biallelic  loss  of  function  mutation  in  M6P/IGF2R  has  not  been  identified,  although 
several  cell  lines  with  a  single  mutated  allele  have  been  described.  For  example,  the  RER+  colon  cancer 
cell  line  SW48  harbors  a  monoallelic  poly  (G)g  microsatellite  mutation.  The  remaining  allele  probably 

generates  wildtype  M6P/IGF2R  (65)  which  binds  IGF2  in  cross-linking  experiments  (Schumaker, 
DaCosta,  and  Ellis,  unpublished).  In  the  absence  of  a  null  M6P/IGF2R  cell  line,  a  potential  source  of 
M6P/IGF2R-mi\\  cells  are  mouse  embryonic  fibroblasts  (MEF)  from  a  transgenic  M6P/IGF2R-tm\\ 
mouse.  However,  MEFs  are  not  ideal  for  tumor  suppression  experiments,  since  loss  of  the  gene  was  not 
the  result  of  a  somatic  mutation  that  was  selected  for  during  tumorigenesis.  In  addition,  fibroblasts  are  of 
mesenchymal  origin  and  therefore  a  poor  model  for  transformation  events  in  epithelial  cells. 

Despite  these  difficulties,  there  has  been  some  success  in  observing  a  growth  regulatory  role  for 

M6P/IGF2R.  Kang  and  his  co-workers  (37)  reported  the  preliminary  result  that  overexpression  of 
M6P/IGF2R  in  a  retinoid-resistant  human  promyelocytic  cell  line  led  to  RA-induced  growth  inhibition 
and  apoptosis.  In  addition,  our  laboratory  recently  demonstrated  that  overexpression  of  M6P/IGF2R 

decreased  IGF2-dependent  proliferation  of  MCF7  breast  cancer  cells  (22). 

Monitoring  tumor  formation  in  transgenic  m6p/igf2r  knock-out  mice  would  be  invaluable. 
However,  mice  null  for  m6p/igf2r  die  perinatally.  Perinatal  death  would  not  be  problematic  if  mice 
heterozygous  for  the  m6p/igf2r  knock-out  allele  could  be  observed,  since  one  would  anticipate  an 
increased  rate  of  tumor  formation  in  mice  with  this  genotype  as  a  result  of  a  congenital  "first  hit". 
However,  the  paternal  m6p/igf2r  is  imprinted  in  mice,  with  the  result  that  mice  naturally  exhibit 


25 

monoallelic  M6P/IGF2R  expression  from  the  maternal  allele.  Because  of  this  mechanism,  when  a  knock¬ 
out  m6p/igf2r  allele  is  inherited  through  the  maternal  germ  line,  the  lethal  phenotype  is  observed  since  the 

paternal  M6P/IGF2R  allele  is  silent  (66).  Meeting  tumor  suppressor  definitions  for  imprinted  genes  is 

therefore  highly  problematic.  One  approach  to  circumventing  the  problem  of  perinatal  mortality  would  be 
the  development  of  an  "inducible"  m6p/igf2r  knock-out  mouse.  In  this  approach,  a  gene  can  be  deleted  in 
a  tissue  after  organogenesis  has  been  completed.  However,  these  approaches  are  complex,  and  so  far  an 
inducible  m6p/igf2r  knock-out  has  not  been  described. 

Interestingly,  unlike  the  situation  in  mice,  M6P/IGF2R  is  expressed  from  both  alleles  in  adult 

humans  (67,  68).  However,  imprinting  may  persist  during  embryogenesis.  Repression  of  expression 
from  the  paternal  M6P/IGF2R  allele  has  been  detected  in  two  of  fourteen  informative  fetuses  in  one  study, 
and  it  has  been  speculated  that  embryonic  human  M6P/IGF2R  imprinting  is  a  polymorphic  trait  (69). 
Interestingly,  partial  repression  of  the  paternal  M6P/IGF2R  allele  may  occur  in  50%  of  informative  cases 
of  Wilms’  tumor,  a  familial  childhood  kidney  malignancy  that  highly  overexpresses  IGF2  (70).  These 

observations  provoke  the  speculation  that  individuals  with  embryonic  M6P/IGF2R  imprinting  might  be 
prone  to  the  development  of  embryonic  tumors  in  which  the  imprinting  pattern  has  persisted.  For 
imprinted  tumor  suppressor  genes,  this  “gain  of  imprinting”  may  be  an  important  mechanism  for 
inactivation. 

As  the  M6P/IGF2R  sequence  is  examined  in  tissues  and  cell  lines  from  a  number  of  sources,  an 
increasing  number  of  polymorphisms  are  being  identified.  Many  of  these  are  likely  to  be  silent;  however, 
if  any  were  associated  with  a  decrease  in  function,  cancer  predisposition  might  be  a  consequence.  For  this 
theory  to  be  pursued,  a  robust  set  of  in  vitro  assays  that  address  multiple  functions  of  M6P/IGF2R  is  a 
priority.  Somatic  mutations  and  germ  line  polymorphisms  could  then  be  examined  in  these  assays  to 
determine  an  effect  on  M6P/IGF2R  function. 

Conclusion 

We  conclude  by  stating  that  the  case  for  M6P/IGF2R  as  tumor  suppressor  gene  is  unproven.  The 
genetic  evidence  is  strong,  but  the  mutations  described  have  not  been  shown  to  contribute  to  the 
carcinogenic  process.  In  addition  to  functional  experiments,  further  mutation  screens  are  justified,  and 
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LOH  mapping  exercises  should  be  completed  to  exclude  the  possibility  that  adjacent  tumor  suppressor 
genes  in  6q25-27  contribute  to  the  rate  of  LOH  rate  at  this  locus  in  some  malignancies.  Finally,  as  our 
knowledge  of  M6P/IGF2R  polymorphisms  develops,  we  should  explore  those  that  lead  to  significant 
amino  acid  substitutions  to  determine  the  effect  on  M6P/IGF2R  function.  The  recent  characterization  of 

the  complete  genomic  structure  of  M6P/IGF2R  (58)  will  no  doubt  facilitate  these  endeavors. 


27 


Acknowlegements 


This  work  has  been  supported  by  a  US  army  breast  cancer  initiative  pre-doctoral  award  DAMD 17-97-1- 
7061  (SAD),  R29CA67302-01  (MJE)  and  direct  support  from  the  Lombardi  Cancer  Center. 


28 


1.  G.R.  Hankins,  A.T.  De  Souza,  R.C.  Bentley,  M.R.  Patel,  J.R.  Marks,  J.D.  Iglehart,  and  R.L.  Jirtle. 
(1996).  M6P/IGF2  receptor:  a  candidate  breast  tumor  suppressor  gene.  Oncogene  12:  2003-2009. 

2.  A.T.  De  Souza,  G.R.  Hankins,  M.K.  Washington,  R.L.  Fine,  T.C.  Orton,  and  R.L.  Jirtle.  (1995). 
Frequent  loss  of  heterozygosity  on  6q  at  the  mannose  6-  phosphate/insulin-like  growth  factor  II  receptor 
locus  in  human  hepatocellular  tumors.  Oncogene  10:  1725-1729. 

3.  A.T.  De  Souza,  G.R.  Hankins,  M.K.  Washington,  T.C.  Orton,  and  R.L.  Jirtle.  (1995). 
M6P/IGF2R  gene  is  mutated  in  human  hepatocellular  carcinomas  with  loss  of  heterozygosity.  Nat. 
Genet.  11:  447-449. 

4.  T.  Yamada,  A.T.  De  Souza,  S.  Finkelstein,  and  R.L.  Jirtle.  (1997).  Loss  of  the  gene  encoding 
mannose  6-phosphate/insulin-like  growth  factor  II  receptor  is  an  early  event  in  liver  carcinogenesis.  Proc 
Natl  Acad  Sci  U  SA94:  10351-10355. 

5.  R.  Souza,  R.  Appel,  J.  Yin,  S.  Wang,  K.  Smolinski,  J.  Abraham,  T.  Zou,  Y.  Shi,  J.  Lei,  J.  Cottrell, 
K.  Cymes,  K.  Biden,  L.  Simms,  B.  Leggett,  P.  Lynch,  M.  Frazier,  S.  Powell,  N.  Harpaz,  H.  Sugimura,  J. 
Young,  and  S.  Meltzer.  (1996).  Microsatellite  instability  in  the  insulin-like  growth  factor  II  receptor  gene 
in  gastrointestinal  tumours.  Nature  Genetics  14:  255-257. 

6.  H.  Ouyang,  H.O.  Shiwaku,  H.  Hagiwara,  K.  Miura,  T.  Abe,  Y.  Kato,  H.  Ohtani,  K.  Shiiba,  R.F. 
Souza,  S.J.  Meltzer,  and  A.  Horii.  (1997).  The  insulin-like  growth  factor  II  receptor  gene  is  mutated  in 
genetically  unstable  cancers  of  the  endometrium,  stomach  and  colorectum.  Cancer  Res.  57:  1851-1854. 

7.  S.Y.  Leung,  T.L.  Chan,  L.P.  Chung,  A.S.  Chan,  Y.W.  Fan,  K.N.  Hung,  W.K.  Kwong,  J.W.  Ho, 
and  S.T.  Yuen.  (1998).  Microsatellite  instability  and  mutation  of  DNA  mismatch  repair  genes  in 
gliomas.  Am  J  Pathol  153:  1181-1188. 

8.  C.  Oliveira,  R.  Seruca,  M.  Seixas,  and  M.  Sobrinho-Simoes.  (1998).  The  clinicopathological 
features  of  gastric  carcinomas  with  microsatellite  instability  may  be  mediated  by  mutations  of  different 
"target  genes":  a  study  of  the  TGFbeta  RII,  IGFII R,  and  BAX  genes.  Am  J  Pathol  153:  121 1-1219. 

9.  C.M.  Nolan,  and  W.S.  Sly.  (1987).  Intracellular  traffic  of  the  mannose  6-phosphate  receptor  and 
its  ligands.  Adv  Exp  Med  Biol  225:  199-212. 


29 

10.  N.M.  Dahms,  P.  Lobel,  and  S.  Komfeld.  (1989).  Mannose  6-phosphate  receptors  and  lysosomal 
enzyme  targeting.  J  Biol  Chem  264:  12115-12118. 

11.  P.A.  Dennis,  and  D.B.  Rifkin.  (1991).  Cellular  activation  of  latent  transforming  growth  factor  B 
requires  binding  to  the  cation-independent  mannose-6-phosphate/insulin  like  growth  factor  type  II 
receptor.  Proc.  Natl.  Acad.  Sci.  USA.  88:  580-584. 

12.  M.J.C.  Ellis,  B.A.  Leav,  Z.  Yang,  A.  Rasmussen,  A.  Pearce,  J.A.  Zweibel,  M.E.  Lippman,  and  K.J. 
Cullen.  (1996).  Affinity  for  the  insulin-like  growth  factor-II  (IGF-II)  receptor  inhibits  autocrine  IGF-II 
activity  in  MCF-7  breast  cancer  cells.  Mol  Endocrinol  10:  286-297. 

13.  A.  Oates,  L.  Schumaker,  S.  Jenkins,  A.D.  Pearce,  SA.,  B.  Arun,  and  M.  Ellis.  (1998).  The 
mannose  6-phosphate/insulin-like  growth  factor  2 

receptor  (M6P/IGF2R),  a  putative  breast  tumor  suppressor 
gene.  Breast  Cancer  Res  Treat  47:  269-28 1 . 

14.  G.  Laureys,  D.E.  Barton,  A.  Ullrich,  and  U.  Francke.  (1988).  Chromosomal  mapping  of  the  gene 
for  the  type  II  insulin-like  growth  factor  receptor/cation-independent  mannose  6-phosphate  receptor  in 
man  and  mouse.  Genomics  3:  224-229. 

15.  S.  Komfeld.  (1992).  Structure  and  function  of  the  mannose  6-phosphate/insulin-like  growth 
factor  II  receptor.  Annu.  Rev.  Biochem.  61:  307-330. 

16.  S.J.  York,  L.S.  Ameson,  W.T.  Gregory,  N.M.  Dahms,  and  S.  Komfeld.  (1999).  The  rate  of 
internalization  of  the  mannose  6-phosphate/insulin-like  growth  factor  II  receptor  is  enhanced  by 
multivalent  ligand  binding.  J  Biol  Chem  274:  1 164-1 171. 

17.  N.  Dahms.  (1996).  Insulin-like  growth  factor  n/cation-independent  mannose  6-phosphate 
receptor  and  lysosomal  enzyme  recognition.  Biochemical  Society  Transactions  24:  136-141. 

18.  N.M.  Dahms,  P.A.  Rose,  J.D.  Molkentin,  Y.  Zhang,  and  M.A.  Brzycki.  (1993).  The  bovine 
mannose  6-phosphate/insulin-like  growth  factor  II  receptor:  the  role  of  arginine  residues  in  mannose  6- 
phosphate  binding.  J.  Biol.  Chem.  268:  5457-5463. 

19.  N.M.  Dahms,  D.A.  Wick,  and  M.A.  Brzychi-Wessell.  (1994).  The  bovine  mannose  6- 
phosphate/insulin-like  growth  factor  II  receptor:  localization  of  the  insulin-like  growth  factor  II  binding 
site  to  domains  5-11.  J.  Biol.  Chem  269:  3802-3809. 


30 

20.  F.  Garmroudi,  and  R.G.  MacDonald.  (1994).  Localization  of  the  insulin-like  growth  factor  II 
(IGF-II)  binding/cross-linking  site  of  the  IGF-II/mannose  6-phosphate  receptor  to  extracellular  repeats 
10-11.  7.  Biol.  Chem.  269:  26944-26952. 

21.  F.  Garmroudi,  G.  Devi,  D.H.  Slentz,  B.  Schaffer,  and  R.G.  MacDonald.  (1996).  Truncated 
forms  of  the  insulin-like  growth  factor  II  (IGF-II)/mannose  6-phosphate  receptor  encompassing  the  IGF- 
II  binding  site:  characterization  of  a  point  mutation  that  abolishes  IGF-II  binding.  Mol.  Endocrinol.  10: 
642-651. 

22.  S.A.  DaCosta,  A.J.  Oates,  L.M.  Schumaker,  A.A.  Pearce,  S.B.  Jenkins,  and  M.J.C.  Ellis.  (1998). 
M6P/IGF2R  as  a  tumor  suppressor  gene.  American  Association  of  Cancer  Research  Proceedings  39: 
Abstract  #4230. 

23.  G.R.  Devi,  J.C.  Byrd,  D.H.  Slentz,  and  R.G.  MacDonald.  (1998).  An  insulin-like  growth  factor 
II  (IGF-II)  affinity-enhancing  domain  localized  within  extracytoplasmic  repeat  13  of  the  IGF-II/mannose 
6- phosphate  receptor.  Mol  Endocrinol  12:  1661-1672. 

24.  F.  Vignon,  and  H.  Rochefort.  (1992).  Interactions  of  pro-cathepsin  D  and  IGF-II  on  the 
mannose-6-  phosphate/IGF-II  receptor.  Breast  Cancer  Res  Treat  22:  47-57. 

25.  W.  Kiess,  Y.  Yang,  U.  Kessler,  and  A.  Hoeflich.  (1994).  Insulin-like  growth  factor  II  (IGF-II) 
and  the  IGF-II/mannose-6-  phosphate  receptor:  the  myth  continues.  Horm  Res  41:  66-73. 

26.  P.  Lobel,  K.  Fujimoto,  R.D.  Ye,  G.  Griffiths,  and  S.  Komfeld.  (1989).  Mutations  in  the 
cytoplasmic  domain  of  the  275  kd  mannose  6-phosphate  receptor  differentially  alter  lysosomal  enzyme 
sorting  and  endocytosis.  Cell  57:  787-796. 

27.  H.J.  Chen,  J.  Remmler,  J.C.  Delaney,  D.J.  Messner,  and  P.  Lobel.  (1993).  Mutational  analysis 
of  the  cation-independent  mannose  6-phosphate/insulin-like  growth  factor  II  receptor.  7  Biol.  Chem. 
268:  22338-22346. 

28.  K.F.  Johnson,  and  S.  Komfeld.  (1992).  The  cytoplasmic  tail  of  the  mannose  6- 
phosphate/insulin-like  growth  factor-II  receptor  has  two  signals  for  lysosomal  enzyme  sorting  in  the 
Golgi.  7  Cell  Biol  119:  249-257. 

29.  G.  Bobek,  C.D.  Scott,  andR.C.  Baxter.  (1991).  Secretion  of  soluble  insulin-like  growth  factor- 
II/mannose  6-phosphate  receptor  by  rat  tissues  in  culture.  Endocrinology  128:  2204-2206. 


31 

30.  C.  Causin,  A.  Waheed,  T.  Braulke,  U.  Junghans,  P.  Maly,  R.E.  Humbel,  and  K.  von  Figura. 
(1988).  Mannose  6-phosphate/insulin-like  growth  factor  E-binding  proteins  in  human  serum  and  urine. 
Their  relation  to  the  mannose  6-  phosphate/insulin-like  growth  factor  E  receptor.  Biochem  J  252:  795- 
799. 

31.  R.G.  MacDonald,  M.A.  Tepper,  K.B.  Clairmont,  S.B.  Perregaux,  and  M.P.  Czech.  (1989). 
Serum  form  of  the  rat  insulin-like  growth  factor  II/mannose  6-phosphate  receptor  is  truncated  in  the 
carboxyl-terminal  domain.  J.  Biol.  Chem.  264:  3256-3261. 

32.  Y.  Xu,  A.  Papageorgiou,  and  C.  Polychronakos.  (1998).  Developmental  regulation  of  the  soluble 
form  of  insulin-like  growth  factor-E/mannose  6-phosphate  receptor  in  human  serum  and  amniotic  fluid. 
J.  Clin.  Endocrinol.  Metab.  83:  437-442. 

33.  C.D.  Scott,  M.  Ballesteros,  J.  Madrid,  and  R.C.  Baxter.  (1996).  Soluble  insulin-like  growth 
factor-II/mannose  6-P  receptor  inhibits  deoxyribonucleic  acid  synthesis  in  cultured  rat  hepatocytes. 
Endocrinology  137:  873-878. 

34.  S.  Zaina,  R.V.  Newton,  M.R.  Paul,  and  C.F.  Graham.  (1998).  Local  reduction  of  organ  size  in 
transgenic  mice  expressing  a  soluble  insulin-like  growth  factor  E/mannose-6-phosphate  receptor. 
Endocrinology  139:  3886-3895. 

35.  S.J.  Lee,  and  D.  Nathans.  (1988).  Proliferin  secreted  by  cultured  cells  binds  to  mannose  6- 
phosphate  receptors.  J  Biol  Chem  263:  3521-3527. 

36.  F.  Blanchard,  S.  Raher,  L.  Duplomb,  P.  Vusio,  V.  Pitard,  J.L.  Taupin,  J.F.  Moreau,  B.  Hoflack,  S. 
Minvielle,  Y.  Jacques,  and  A.  Godard.  (1998).  The  mannose  6-phosphate/insulin-like  growth  factor  E 
receptor  is  a  nanomolar  affinity  receptor  for  glycosylated  human  leukemia  inhibitory  factor.  J  Biol  Chem 
273:  20886-20893. 

37.  J.X.  Kang,  Y.  Li,  and  A.  Leaf.  (1997).  Mannose-6-phosphate/insulin-like  growth  factor-E 
receptor  is  a  receptor  for  retinoic  acid.  Proc  Nad  Acad  Sci  USA  94:  13671-13676. 

38.  A.  Nykjaer,  E.I.  Christensen,  H.  Vorum,  H.  Hager,  C.M.  Petersen,  H.  Roigaard,  H.Y.  Min,  F. 
Vilhardt,  L.B.  Moller,  S.  Komfeld,  and  J.  Gliemann.  (1998).  Mannose  6-phosphate/insulin-like  growth 
factor-E  receptor  targets  the  urokinase  receptor  to  lysosomes  via  a  novel  binding  interaction.  J  Cell  Biol 
141:815-828. 


32 


39.  S.  Godar,  V.  Horejsi,  U.H.  Weidle,  B.R.  Binder,  C.  Hansmann,  and  H.  Stockinger.  (1999). 
M6P/IGFII-receptor  complexes  urokinase  receptor  and  plasminogen  for  activation  of  transforming 
growth  factor-beta  1.  Eur  J  Immunol  29:  1004-1013. 

40.  P.A.  Andreasen,  L.  Kjoller,  L.  Christensen,  and  M.J.  Duffy.  (1997).  The  urokinase-type 
plasminogen  activator  system  in  cancer  metastasis:  a  review.  Int  J  Cancer  72:  1-22. 

41.  R.M.  Lyons,  L.E.  Gentry,  A.F.  Purchio,  and  H.L.  Moses.  (1990).  Mechanism  of  activation  of 
latent  recombinant  transforming  growth  factor  beta  1  by  plasmin.  J  Cell  Biol  110:  1361-1367. 

42.  N.  Behrendt,  E.  Ronne,  and  K.  Dano.  (1995).  The  structure  and  function  of  the  urokinase 
receptor,  a  membrane  protein  governing  plasminogen  activation  on  the  cell  surface.  Biol  Chem  Hoppe 
Seyler  376:  269-279. 

43.  P.  Nissley,  W.  Kiess,  and  M.  Sklar.  (1993).  Developmental  expression  of  the  IGF-II/mannose 
6-phosphate  receptor.  Mol  Reprod  Dev  35: 408-413. 

44.  M.M.H.  Lau,  C.E.H.  Stewart,  Z.  Liu,  H.  Bhatt,  P.  Rotwein,  and  C.L.  Stewart.  (1994).  Loss  of  the 
imprinted  IGF2/cation-independent  mannose  6-phosphate  receptor  results  in  fetal  overgrowth  and 
perinatal  lethality.  Genes  Dev.  8:  2953-2963. 

45.  Z.-Q.  Wang,  M.R.  Fung,  D.P.  Barlow,  and  E.F.  Wagner.  (1994).  Regulation  of  embryonic 
growth  and  lysosomal  targeting  by  the  imprinted  Igf2/Mpr  gene.  Nature  372:  464-467. 

46.  S.A.  Rogers,  G.  Ryan,  and  M.R.  Hammerman.  (1991).  Insulin-like  growth  factors  I  and  II  are 
produced  in  the  metanephros  and  are  required  for  growth  and  development  in  vitro.  J  Cell  Biol  113: 
1447-1453. 

47.  I.  Kojima,  I.  Nishimoto,  T.  Iiri,  E.  Ogata,  and  R.  Rosenfeld.  (1988).  Evidence  that  type  II  insulin¬ 
like  growth  factor  receptor  is  coupled  to  calcium  gating  system.  Biochem  Biophys  Res  Commun  154:  9- 
19. 

48.  T.  Okamoto,  Y.  Ohkuni,  E.  Ogata,  and  I.  Nishimoto.  (1991).  Distinct  mode  of  G  protein 
activation  due  to  single  residue  substitution  of  active  IGF-II  receptor  peptide  Arg2410-Lys2423:  evidnece 
for  stimulation  acceptor  region  other  than  C-terminus  of  Gja.  BBRC 179:  10-16. 

49.  C.  Komer,  B.  Numberg,  M.  Uhde,  and  T.  Braulke.  (1995).  Mannose  6-phosphate/insulin-like 
growth  factor  II  receptor  fails  to  interact  with  G-proteins.  J.  Biol.  Chem  270:  287-295. 


33 

50.  K.  Sakano,  T.  Enjoh,  F.  Numata,  H.  Fujiwara,  Y.  Marumoto,  N.  Higashihashi,  Y.  Sato,  J.F. 
Perdue,  and  Y.  Fujita-Yamaguchi.  (1991).  The  design,  expression,  and  characterization  of  human  insulin¬ 
like  growth  factor-II  (IGF-II)  mutants  specific  for  either  the  IGF-II/cation-independent  mannose-6- 
phosphate  receptor  or  IGF-I  receptor.  J.  Biol.  Chem.  266:  20626-20635. 

51.  L.  Sciacca,  A.  Costantino,  G.  Pandini,  R.  Mineo,  F.  Frasca,  P.  Scalia,  P.  Sbraccia,  I.D.  Goldfme, 
R.  Vigneri,  and  A.  Belfiore.  (1999).  Insulin  receptor  activation  by  IGF-II  in  breast  cancers:  evidence  for 
a  new  autocrine/paracrine  mechanism.  Oncogene  18:  2471-2479. 

52.  A.  Louvi,  D.  Accili,  and  A.  Efstratiadis.  (1997).  Growth-promoting  interaction  of  IGF-II  with  the 
insulin  receptor  during  mouse  embryonic  development.  Dev  Biol  189:  33-48. 

53.  S.A.  Chappell,  T.  Walsh,  R.A.  Walker,  and  J.A.  Shaw.  (1997).  Loss  of  heterozygosity  at  the 
mannose  6-phosphate  insulin-like  growth  factor  2  receptor  gene  correlates  with  poor  differentiation  in 
early  breast  carcinomas.  Br  J  Cancer  76:  1558-1561. 

54.  Z.  Piao,  Y.  Choi,  C.  Park,  W.J.  Lee,  J.H.  Park,  and  H.  Kim.  (1997).  Deletion  of  the  M6P/IGF2r 
gene  in  primary  hepatocellular  carcinoma.  Cancer  Lett  120:  39-43. 

55.  F.-M.  Kong,  D.J.  Pulford,  M.  Bandera,  M.S.  Anscher,  and  R.L.  Jirtle.  (1999).  M6P/IGF2R 
tumor  suppressor  is  mutated  in  lung  cancer.  American  Association  of  Cancer  Research  Proceedings  40: 
Abstact  #4839. 

56.  N.  Bhattacharyya,  and  S.  Banerjee.  (1999).  Mutational  analysis  of  TGF(3IIR  and  IGF2R  genes 
in  prostate  tumors.  American  Association  of  Cancer  Research  Proceedings  40:  #661. 

57.  A.  Gemma,  Y.  Hosoya,  K.  Uematsu,  M.  Seike,  F.  Kurimoto,  A.  Yoshimura,  K.  Hagiwara,  W.P. 
Bennett,  C.C.  Harris,  and  S.  Kudoh.  (1999).  The  genomic  structure  of  the  gene  encoding  M6P/IGF2R 
and  mutation  analysis  in  human  cell  lines  resistant  to  growth  inhibition  by  TGFpi.  American  Association 
of  Cancer  Research  Proceedings  40:  Abstract  #4614. 

58.  J.K.  Killian,  and  R.L.  Jirtle.  (1999).  Genomic  structure  of  the  human  M6P/IGF2  receptor. 
Mamm  Genome  10:  74-77. 

59.  M.G.  Tibiletti,  B.  Bemasconi,  D.  Furlan,  C.  Riva,  M.  Trubia,  G.  Buraggi,  M.  Franchi,  P.  Bolis,  A. 
Mariani,  L.  Frigerio,  C.  Capella,  and  R.  Taramelli.  (1996).  Early  involvement  of  6q  in  surface  epithelial 
ovarian  tumors.  Cancer  Res  56:  4493-4498. 


34 

60.  S.  Saito,  H.  Saito,  S.  Koi,  S.  Sagae,  R.  Kudo,  J.  Saito,  K.  Noda,  and  Y.  Nakamura.  (1992).  Fine- 
scale  deletion  mapping  of  the  distal  long  arm  of  chromosome  6  in  70  human  ovarian  cancers.  Cancer  Res 


* 


% 


52: 5815-5817. 

61.  I.E.  Cooke,  A.N.  Shelling,  V.G.  Le  Meuth,  M.L.  Chamock,  and  T.S.  Ganesan.  (1996).  Allele 
loss  on  chromosome  arm  6q  and  fine  mapping  of  the  region  at  6q27  in  epithelial  ovarian  cancer.  Genes 
Chromosomes  Cancer  15:  223-233. 

62.  C.C.  Gurin,  M.G.  Federici,  L.  Kang,  and  J.  Boyd.  (1999).  Causes  and  consequences  of 
microsatellite  instability  in  endometrial  carcinoma.  Cancer  Res  59: 462-466. 

63.  T.  Toyama,  H.  Iwase,  H.  Iwata,  Y.  Hara,  Y.  Omoto,  M.  Suchi,  T.  Kato,  T.  Nakamura,  and  S. 
Kobayashi.  (1996).  Microsatellite  instability  in  in  situ  and  invasive  sporadic  breast  cancers  of  Japanese 
women.  Cancer  Lett  108:  205-209. 

64.  C.M.  Aldaz,  T.  Chen,  A.  Sahin,  J.  Cunningham,  and  M.  Bondy.  (1995).  Comparative  allelotype 
of  in  situ  and  invasive  human  breast  cancer:  high  frequency  of  microsatellite  instability  in  lobular  breast 
carcinomas.  Cancer  Res  55:  3976-398 1 . 

65.  K.  Smolinski,  R.  Souza,  J.  Yin,  S.  Wang,  T.-T.  Zou,  G.  Harrison,  J.  Abraham,  and  S.  Meltzer. 
(1997).  Microsatellite  instability  within  the  insulin-like  growth  factor  receptor  in  human  cell  lines. 
American  Association  of  Cancer  Research  Proceedings  38:  Abstract  #1013. 

66.  D.P.  Barlow,  R.  Stoger,  B.G.  Herrmann,  K.  Saito,  and  N.  Schweifer.  (1991).  The  mouse  insulin¬ 
like  growth  factor  type-2  receptor  is  imprinted  and  closely  linked  to  the  Tme  locus.  Nature  349:  84-87. 

67.  O.  Ogawa,  L.A.  McNoe,  M.R.  Eccles,  I.M.  Morison,  and  A.E.  Reeve.  (1993).  Human  insulin¬ 
like  growth  factor  type  I  and  type  II  receptors  are  not  imprinted.  Hum  Mol  Genet  2:  2163-2165. 

68.  V.M.  Kalscheuer,  E.C.  Mariman,  M.T.  Schepens,  H.  Rehder,  and  H.H.  Ropers.  (1993).  The 
insulin-like  growth  factor  type-2  receptor  gene  is  imprinted  in  the  mouse  but  not  in  humans.  Nat  Genet  5: 
74-78. 

69.  Y.  Xu,  C.G.  Goodyer,  C.  Deal,  and  C.  Polychronakos.  (1993).  Functional  polymorphism  in  the 
parental  imprinting  of  the  human  IGF2R  gene.  Biochem.  Biophys.  Res.  Commun.  197:  747-754. 

70.  Y.Q.  Xu,  P.  Grundy,  and  C.  Polychronakos.  (1997).  Aberrant  imprinting  of  the  insulin-like 
growth  factor  II  receptor  gene  in  Wilms'  tumor.  Oncogene  14:  1041-1046. 


35 


* 


\ 


plasma 

membrane 


lysosomal  targeting  of  IGF2  degradation 

M6P  glycoproteins 


Figure  1.  Summary  of  M6P/IGF2R  function 
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Figure  2.  Site-directed  mutations  that  define  functional  domains  of  M6P/IGF2R 
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Table  II.  LOH  frequencies  and  mutations  detected  in  various  tumor  types. 


Tumor  Type 

EBB! 

[IjjlglU 

Mutation 

described 

Tumor 

features 

Ref 

Breast 

33%  (7/21) 

invasive 

(1) 

26%  (5/19) 

40%  (2/5) 

Q1449H 

P2379T 

DCIS 

DCIS 

(1) 

22%  (4/18) 

DCIS 

(53) 

Endometrial 

15%  (4/26) 

4089MSa  del/insG 

RER+ 

(6) 

14%  (2/14) 

4089MS  del/insG 

RER+ 

(62) 

Gastrointestinal 

13%  (12/92) 

4089MS  del/insG  (11) 
6169MS  del/ins  CT  (1) 

RER+ 

RER+ 

(5) 

13%  (4/30) 

4089MS  del/insG 

RER+ 

(6) 

25%  (7/28) 

4089MS  del/insG 

RER+ 

(8) 

Glioma 

25%  (1/4) 

4089MS  del/insG 

RER+ 

(7) 

Hepatocellular 

64%  (14/22) 

25% 

S2023STOP  (1) 

G 1449V  (2)b 

G1464E  (1) 

Non-cirrh. 

Non-cirrh. 

Non-cirrh. 

(2,3) 

61%  (11/18) 

55%  (6/11) 

C1262S  (1) 

4089MS  del/insG  (3) 

G 1449V  (2) 

Cirrh. 

Cirrh. 

(4) 

Lung 

52%  (13/25) 

(55) 

Prostate 

31%  (5/16) 

(56) 

a  MS-microsatellite 

b  No  LOH  detected  at  the  M6P/IGF2R  locus  in  one  of  these  samples. 
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Table  I.  M6P/IGF2R  ligands  and  consequences  of  loss  receptor  function 


Ligands 

Function  of  interaction 

Result  of  M6P/IGF2R 
loss 

Possible  consequences 
of  M6P/IGF2R  loss 

M6P-proteins 

Lysosomal  proteins 
trafficking 

Misrouting/secretion  of 
proteolytic  enzymes 

/|S  invasion, metastasis 

IGF2 

IGF2  degradation 

T1  IGF2  concentration 

T  proliferation 
apoptosis 

LTGF-p 

TGF-P  activation 

vl/  active  TGF-P 

'T  proliferation 

uPAR 

TGF-P  activation 

\1/  active  TGF-p 

Is  proliferation 

Plasminogen 

TGF-P  activation 

4^  active  TGF-p 

Is  proliferation 

Retinoic  acid 

Enhance  M6P/IGF2R 
function  ? 

? 

? 

Proliferin 

? 

? 

? 

LIF 

? 

? 

? 

